Inferring genome-scale metabolic networks in emerging model organisms is challenging because of incomplete biochemical knowledge and incomplete conservation of biochemical pathways during evolution. This limits the possibility to automatically transfer knowledge from well-established model organisms. Therefore, specific bioinformatic tools are necessary to infer new biochemical reactions and new metabolic structures that can be checked experimentally. Using an integrative approach combining both genomic and metabolomic data in the red algal model Chondrus crispus, we show that, even metabolic pathways considered as conserved, like sterol or mycosporine-like amino acids (MAA) synthesis pathways, undergo substantial turnover. This phenomenon, which we formally define as "metabolic pathway drift", is consistent with findings from other areas of evolutionary biology, indicating that a given phenotype can be conserved even if the underlying molecular mechanisms are changing. We present a proof of concept with a new methodological approach to formalize the logical reasoning necessary to infer new reactions and new molecular structures, based on previous biochemical knowledge. We use this approach to infer previously unknown reactions in the sterol and MAA pathways. Keywords (up to 5): genome-scale metabolic network, Chondrus crispus, sterols, mycosporine-like amino-acids, metabolic pathway drift 1/44
Introduction
Reconstruction of genome-scale metabolic networks (GSMs) is a useful and powerful way to integrate data about the metabolism of model organisms due to the increasing availability of genome data (Thiele and Palsson, 2010) . In parallel, metabolomics has maturated as a separate research field, and both are now converging, with the proposal to focus on model organism metabolomes (Edison et al., 2016) . However, integrating genomic and metabolomic data remains challenging, partly because not all metabolites are indexed in the databases used for GSM reconstruction. For the set of core models prioritized for such approaches, a list of experimentally identified metabolites is not always maintained in a publicly available database , and this issue become even more problematic for emerging model species, for which a genome is or will be sooner sequenced, but where the community collecting experimental data is rather limited. Macroalgae belong to this second group of emerging models, which is experiencing drastic changes in research practice due to the availability of high-throughput omics tools . Despite extensive discussion on quality criteria in the field of genome-scale metabolic model reconstruction (Ebrahim et al., 2015) , one missing piece of information is the proportion of metabolites incorporated into the genome-scale metabolic model that are actually described in the literature. Literature data are acknowledged as an important source of knowledge to incorporate into GSMs (Duarte et al., 2007) , but current databases tend to point towards bibliographical references concerning pathways or single reactions rather than providing information about the presence of metabolites. A recent survey on 391 metabolites from 21 red, brown, and green macroalgae showed that only 184 of those metabolites were indexed into the PlantCyc database (Belghit et al., 2017) . As a response to this, the metabolomic community is organizing the automation of the taxonomic assignation of metabolites (Salek et al., 2017) .
Integrating data on metabolite presence/absence into GSMs is especially important when working on emerging model organisms that are phylogenetically distant from well-established models, because there are many ways to generate variations during evolutionary time, even within metabolic pathways that may appear to be conserved at first glance. Indeed, even for the well-studied human pathogenic bacterium Mycobacterium tuberculosis, high throughput 2/44 metabolomic screens revealed an unexpected diversity of reactions in central carbon metabolism (Rhee et al., 2011) . Evolutionary models have already been developed to explain the arising of new pathways, with most experimental validations being focused so far at the level of individual enzyme activities (Noda-Garcia et al., 2018) . The complementary question, how much conserved pathways remain stable in terms of enzymes, has not yet been addressed in a systematic way. However, very similar issues have been tackled in other subfields of evolutionary biology, and can thus be exported to the field of metabolic pathway evolution.
Developmental system drift has been evidenced some decades ago in the field of animal comparative biology, to explain how morphologically similar structures can be maintained even if there are substantial variations in the molecular mechanisms underlying their formation (True and Haag, 2001) . The concept was more recently extended to plants, where such cases have been observed in leaf development (Townsley and Sinha, 2012) . It was later exported to the fields of protein evolution (Hart et al., 2014) and gene expression evolution (Petit et al., 2016) . We hypothesize that this evolutionary concept also adequately explains the strict conservation of metabolic pathways due to enzymatic replacement by non-orthologous displacement of genes encoding enzymes with identical biochemical function (Koonin et al., 1996 ; Figure 1 ). A second possible mechanism for metabolic pathway drift, that has the potential to generate observable biochemical diversity in pathways is change in enzyme order, which leads to new biosynthetic intermediates without other changes than their order of intervention ( Figure 1 ). To the best of our knowledge, this second possibility has never been formulated in theory, maybe due to difficulties envisioning an experimental setup to test it. 
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Starting from an ancestral pathway (in teal, upper part), changes can occur either by nonorthologous gene displacement (in orange, left side) or change in enzyme order, leading to new metabolites (in olive green, right side).
Regarding non-orthologous gene displacement, classical comparative genomic approaches can generate hypotheses that can be experimentally checked using targeted metabolic profiling combined with enzyme inactivation by CRISPR-Cas9 (Markov et al., 2016) .
However, in case of drift by change in enzyme order, an additional theoretical step is necessary to formally infer the structure of new intermediary metabolites and new enzymatic reactions before experimental validation. For such approaches, most of the time, the new reaction has never been observed in any organism, so that an approach purely based on a search in a database of known reactions is doomed to failure (Carlsson et al., 2010) . It is necessary to introduce a knowledge-based approach that implements reasoning in the manner of a biochemist. Such strategies have already been used for designing experimental setup for the analysis of auxotrophic mutants in yeast (Ross et al., 2004) or for synthetic biology (Koch et al., 2017) . To be successful, approaches of scientific discovery based on artificial intelligence techniques necessitate close and iterative interactions between chemists, biologists and bioinformaticians (Lindsay et al., 1993; Kell and Oliver, 2004; Sparkes et al., 2010) . This has already led to promising results in the field of drug screening for neglected tropical diseases (Williams et al., 2015) . To further test the hypothesis of metabolic pathway drift, we decided to combine GSM reconstruction and metabolic profiling, the latter based on a bibliographic survey and mass spectrometry analyses, in an emerging model, the red alga Chondrus crispus. C. crispus is a red seaweed that has been subject to biological studies for more than two centuries (Collén et al., 2014) . Its genome was sequenced, and annotation was performed with a focus on metabolic features (Collén et al., 2013) . A non-exhaustive bibliographic search enabled us to find 15 papers mentioning the identification of metabolites from C. crispus by various methods of chemical profiling. Nine of them were specifically focused on C. crispus (Young et al., 1958; Laycock et al., 1977; Matsuhiro et al., 1992; Tasende et al., 2000; Kräbs et al., 2004; Gaquerel et al., 2007 , Banskota et al., 2014 Pina et al., 2014; Melo et al., 2015) , whereas the six others were comparative studies between several algae (Alcaide et al., 1967; Kremer et al. 1982; Pettitt et al., 1989; Van Ginneken et al., 2011; Santos et al., 2015; Robertson et al., 2015) . We selected these papers as a test case for incorporating the 4/44 bibliographic knowledge into a GSM. Additionally, we decided to acquire additional experimental data regarding two pathways chosen for their complementary interest: sterols and mycosporine-like amino-acids (MAAs). The sterol pathway is well investigated at the comparative genomics level (Desmond and Gribaldo, 2009 ) and consists mainly of oxidoreductions on a known skeleton, the sterane, consisting of three hexacarbon rings on one pentacarbon ring (Moss, 1989) . Analytical standards are available for different molecules, enabling level 1 metabolite identification by mass spectrometry, according to the metabolomics standard initiative (Sumner et al., 2007) . MAA synthesis involves combination of different building blocks, and analytical standards are lacking for this class of compounds, limiting metabolite identification to level 2 in best cases (Sumner et al., 2007) . Here, using a logical representation of molecules and reactions, we propose the development of an analogy reasoning model and the use of a generic solver to produce all possible inferences. Integrating this with a global analysis of the genome-scale metabolic network, with targeted experimental profiling, and with comparative genomic analysis, we are able to propose an exhaustive model for two metabolic pathways in C. crispus, structurally shaped by metabolic pathway drift.
Results

Chemical identification of main sterols in C. crispus, but not of some plant-like biosynthetic intermediates by targeted GC-MS profiling
Results of targeted profiling of 15 sterols plus one immediate precursor (squalene) are summed up in Table 1 . For each compound, analytical parameters (retention time and m/z ratio) are given in Supp. Table S1 .
Analysed compounds Chemical formula
In addition to confirm the presence of eight previously identified sterols (brassicasterol, campesterol, cholesterol, 7-dehydrocholesterol, desmosterol, lathosterol, β-sitosterol and stigmasterol), we identified here for the first time one immediate precursor, squalene (Supp. Figure 1 ) i n C. crispus. However, we did not find evidence for some other putative intermediates (cycloartanol, cycloeualcenol, ergosterol, fucosterol and zymosterol) that may have been present based on the knowledge of sterol synthesis pathway in other eucaryotes (Desmond and Gribaldo, 2009; Sonawane et al., 2016) . We also did not find cycloartenol in C. crispus extracts despite the fact that we are able to identify the cycloartenol standard when 6/44 added in algal extract (Supp. Figure 2 ). Cycloartenol has been reported a long time ago in C.
crispus extracts from Roscoff using another analytical technique, thin-layer chromatography (TLC) (Alcaide et al., 1968) . However, the same group was unable to isolate cycloartenol from another red alga, Rytiphlea tinctoria, using GC-MS (Alcaide et al., 1969) .
Independently, Saito and Idler (1966) isolated lanosterol instead of cycloartenol from C. crispus using TLC, but also failed to find lanosterol using GC-MS. More recently, a cycloartenol synthase from the red alga Laurencia dendroidea was cloned and expressed in yeast cells, where it is able to transform squalene into cycloartenol, but the authors did not report cycloartenol identification in the whole alga by GC-MS, as they did for cholesterol (Calegario et al., 2016) . Even if undetectable using GC-MS, another indirect argument for cycloartenol as a biosynthetic intermediate is the presence of a compound with a cyclopropyl ring in another florideophyte red alga, Tricleocarpa fragilis (Horgen et al., 2000) . The cyclopropyl ring on sterols is usually made by oxidosqualene cyclisation, and the only described product of this reaction is cycloartenol, so we consider more parsimonious to hypothesize that cycloartenol is below the detection limit rather than considering that this step is performed by an unknown intermediate.
An unknown compound among most abundant MAAs in C. crispus
Results of LC-MS targeted profiling of mycosporin-like aminoacids are summed up in Table   2 . Supp Table S2 .
Analysed compounds Chemical formula
Found in this study
Previous evidence
Using LC-MS profiling, we confirmed, consistently with previous studies (see references in Table 2 ), the presence of six mycosporine-like aminoacids in C. crispus: asterina-330, palythene, palythine, palythinol, porphyra-334 and shinorine. Additionally, we identified mycosporine-glycine for the first time in C. crispus, and also found a peak at m/z=271.1 that does not match with any already identified candidate MAA, that we named it MAA1 in Table   2 . We also decided not to assign the peak at m/z=302,3117 to palytinol, as done previously (Karsten et al., 1998; Athukorala et al., 2016) , based on logical reasoning about this part of the pathway (see below). That is the reason why an other unknown compound, MAA2, appears in the table. The relative abundance of MAAs seems to vary according to the sampling dates ( Figure 2 ). These results should be interpreted carefully because MAAs are known to react differently to MS ionization. Furthermore, under UV, the molar extinction coefficients are different. This allows only semi-quantitative measurements. However, our results are consistent with an independent report of MAA variation in the Galway Bay, Ireland (Guihéneuf et al., 2018) . In both cases, palythine was the most abundant compound. Depending on localisation, and time, then shinorine and asterina-330 were the most abundant compounds, and porphyra-334 was very scarce. The unknown compound at m/z 271.1241, which was here labelled MAA1, is the fourth most abundant MAA in Brittany samples from C. crispus.
Our new metabolite profiling data on sterols and MAAs were pooled with results from other studies, retrieved by bibliographic search, in order to obtain a set of metabolite targets that was used to constrain the genome-scale reconstruction of the C. crispus metabolic network (Tables S3 and S4 ).
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Several non-orthologous genes encode best candidate enzymes for performing conserved reactions in the sterol synthesis pathway
In order to enable comparisons with the automated genome-scale reconstruction, and to facilitate integration with metabolic profiling data, we carried out a comparative genomic analysis of the enzymes involved in the sterol synthesis pathways. Results are summed up in green indicates yeast enzymes non orthologous to animal or plant sequences but known to perform the same enzymatic reaction. Five corrected sequences and new predictions are indicated with an asterisk (*) and provided in Supplementary Dataset S1.
In line with previous analyses on these gene families in eukaryotes (Desmond and Gribaldo, 2009) or more specifically in green plants (Sonawane et al., 2016) , the candidate sterol synthesis enzyme set shows a mixture of conservation and divergence. Seven enzymes are encoded by genes that are conserved as 1:1 orthologs, whereas four of them either underwent lineage-specific duplications (squalene epoxidase and C-4 demethylase) or were lost and may have been replaced by distant paralogs (C24 and C24' methylases and C22 desaturases). In one case, we found no homolog of known plant or animal enzymes performing delta-7/delta-8 isomerisation at all in the C. crispus genome, but we found a 1:1 ortholog of ERG2, the gene that secondarily took up this function in yeast (Desmond and Gribaldo, 2009). We consider this gene the best candidate to test among known gene families, but it is also possible that this reaction is performed by an enzyme encoded by a taxonomically-restricted orphan gene, which have been shown to have some biological roles in other lineages (Khalturin et al. 2009 ). Actually, this is likely the case in the sterol synthesis pathway in some diatoms, where the epoxisqualene cyclase, otherwise conserved in eucaryotes, was secondarily lost and replaced by another yet unidentified enzyme (Fabris et al., 2014) .
We did not carry out a similar genomic analysis for MAAs, because it was already fully done during the annotation of the C. crispus genome (Collén et al., 2013) , and was recently put in a comparative perspective following the annotation of the MAA genes in an other red alga, Porphyra umbilicalis (Brawley et al., 2017) .
Integration of genome-scale reconstruction and targeted chemical profiling highlights the need for ab initio inferences to fill knowledge gaps
A global overview of the procedure used to build an integrated metabolic network model for C. crispus is shown in Figure 3 . The network is browsable at: (Imam et al., 2015) .
Another important comparison level is the number of metabolites for which the presence in C.
crispus is experimentally proven. 84 metabolites from C. crispsu were indexed in the MetaCyc database and could thus be used as targets, that should be present in the final network. Using the gap-filling program Meneco, we managed to incorporate 55 of them, which is higher than the two Ectocarpus species (50 targets), but still only represents two thirds of all targets. In addition, there were 58 orphan metabolites that could not be the animal Bloch pathway (PWY-66-4, Mitsche et al., 2015) . Both animal pathways result in the production of cholesterol at their end. Additionally, 22-dehydrocholesterol is not a part of any of those pathways. Regarding MAAs, mycosporin-glycin and shinorine belong to the shinorine biosynthesis pathway (PWY-7751), corresponding to the best understood part of the pathway (Shick et al., 2002) , but all other compounds identified in C. crispus are absent from the MetaCyc database. Morover, the query of public chemical structure databases cannot help in assigning a tentative structure to the peak corresponding to MAA1. All those limitations explain why we selected those two pathways as case studies to develop the Pathmodel method to infer ab initio new reactions and new metabolites.
Inferring new metabolic reactions using Answer Set Programming
The Pathmodel method takes as input a knowledge base including a set of known metabolites, a set of observed mass-to-charge (m/z) ratios for unknown metabolites, and a set of known enzymatic reactions. For each pair of metabolites which are not linked by a reaction in the knowledge base, the method checks whether a type of known reaction can occur between them, and further derives from known reactions new candidate metabolites corresponding to observed unassigned mass-to-charge ratios. This is the basis for the selection of new reaction occurrences and/or new metabolites, using either deductive or analogical reasoning ( Figure 5 ). Input data encoded in the knowledge base are in black, newly inferred reactions and metabolites structures are in orange.
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Molecules are modeled by a set of logical predicates atoms (identified by a number and atom types) and bonds (identified by atom numbers and bond type), as highlighted in orange on Figure 6 . In black, molecules structures with carbon and oxygen atoms labelled. For example, carbon 22 from brassicasterol is encoded by the predicate atom ("brassicasterol",22,carb) . In orange, position of the bond between atoms submitted to the chemical reaction, encoded by the predicate bond ("brassicasterol",double,22,23) . In green: the C24 methyl group that makes the difference between molecules from Arabidopsis thaliana and from Chondrus crispus.
In order to perform this reasoning, the program needs some preprocessing steps (Supp. Fig.   4 ). For each newly inferred molecule, the theoretical m/z ratio is determined by logical rules, In this formula, atomic weights are encoded following the latest IUPAC Technical Report (Meija et al., 2016) , truncated after the fourth decimal and multiplied by 1000 because the ASP syntax does not allow the use of decimals.
The predicate reaction models the link between two molecules (a reactant and a product, e.g.
reaction (c22_desaturation,"24-epicampesterol", "brassicasterol") and 23), the program will infer that the reaction actually occurs between the reactant and the product ( Figure 6 , desaturation between cholesterol and 22-dehydrocholesterol). To constraint further the number of possible pathways, a predicate absentmolecules was added to avoid pathways going through compounds for which targeted profiling with analytical standards gives strong evidence for real absence (here ergosterol, fucosterol and zymosterol).
By analogical reasoning, all possible reactions are applied to potential reactants, and resulting products are filtered using their structures and m/z ratios. The predicate newMetaboliteName creates all the possible products from a known molecule using all the reactions in the knowledge base. These possible metabolites are filtered using their m/z ratios, which must correspond to an observed m/z ratio (predicate possibleMetabolite) and checked if they share the same structure as a known molecule (predicate alreadyKnownMolecule).
Given a source molecule and a target molecule, the program will take several inference steps iteratively applying either analogical or deductive reasoning modes. To connect the source and the target molecules along a pathway, Pathmodel infers missing reactions and metabolites using a minimal number of reactions.
Discussion
Multiple alternative pathways for sterol synthesis
Based on the available genomic and metabolomic data, we can propose two alternative pathways from cycloartenol to cholesterol, depending on when the side-chain reductase (SSR) enzyme is acting (Figure 7) . Figure 3) . In Solanacea, SSR2 acts on cycloartenol whereas SSR1 acts late in the phytosterol synthesis pathway, as does the unduplicated SSR from nonsolanaceous plants. Moreover, SSR is known to be catalytically promiscuous, and in humans the unique SSR enzyme is able to act either late or early (Mitsche et al., 2015) . Therefore, our data suggest that the single SSR is also flexible in Chondrus as it is in humans, enabling the existence of multiple synthesis pathways leading to cholesterol. A high level of reticulation with multiple alternative routes in the plant sterol synthesis pathways has already been suggested (Benveniste, 2004) , although only the main pathway has been incorporated in the knowledge base (see for example PWY-2541 in MetaCyc). Consistently, Pathmodel suggested that SSR could act on all possible intermediates. However, flux analyses in mouse have shown that among all theoretical possibilities, two distinct pathways, whose relative 20/44 abundance vary accross tissue, are sufficient to enable refined and partially distinct regulations (Mische et al., 2015) .
Another major difference with land plants concerns the position of the sterol methyltransferases, that are necessary to produce methylated sterols like campesterol or brassicasterol. In the standard model for land plants, a first methylation occurs directly on cycloartenol whereas the second one occurs later on 24-methylenelophenol (Benveniste, 2004) . Although this possibility cannot be fully ruled out concerning C. crispus with present data, various pieces of evidence points toward the necessity to consider alternative pathways.
First, we did not find any evidence for the presence of cycloeucalenol or fucosterol, which are common synthetic intermediates in the plant pathway. Second, another methylated sterol, 24methylenecholesterol, was identified previously in C. crispus (Tasende, 2000) . In line with this, and building on other reports about methyltransferase catalytic promiscuity accross land plants and green algae, (Neelakandan et al., 2009; Haubrich et al., 2015) , Pathmodel inferred an alternative synthesis pathway for methylated sterols through C24-methylation on desmosterol (see Figure 4 ). This option highly reduces the number of non-identified methylated intermediates, limiting them to 24-methydesmosterol and Δ24-25-sitosterol. It seems also more relevant from a quantitative viewpoint, because this late methylation step would enable the production of methylated sterols using the late SSR pathway, which is also in agreement with the formation of cholesterol as the main sterol.
New candidate enzymes for decarboxylation and dehydration lead to a more consistent model for MAA synthesis pathway in C. crispus
The upstream part of the MAA synthesis pathway in C. crispus, down to shinorine and porphyra-334, follows the current consensus. For this part, candidate enzymes were already proposed (Brawley et al., 2017) , and this knowledge is already partially incorporated in the MetaCyc database (see PWY-7751 on Figure 4 ). Here we added further experimental support to the presence of this part of the pathway, performing the first identification of mycosporineglycine in C. crispus (Figure 4 and Figure 8 ). We also encoded in the Pathmodel knowledge base an extended version of the aminoacid C3-transfer reaction (RXN-17371 in MetaCyc) to incorporate the already formulated hypothesis, based on structural comparisons between molecules, that MysD can also perform the aminoacid C-3 transfer of threonine, thus leading 21/44 to porphyra-334 ( Figure 8 , reaction in red, redrawn from Brawley et al., 2017) . For the more downstream part of the pathway, some reactions have been proposed, such as decarboxylation of shinorine to asterina-330, but without association with a specific enzyme family (Carreto et al., 2011) . Encoding this literature-based information and constraining the Pathmodel output to find a pathway leading to a molecule structure compatible with the mesured m/z ratio for MAA1, it was possible to infer the hypothetic structure shown on Figure 8 . The reaction leading from asterina-330 to MAA1 would be a dehydration (in purple), the same kind of reaction that is already observed between other MAAs such as porphyra-334 and Z-palythenic acid, a compound not identified in C. crispus (Figure 4 ). GSM based on orthology with Galdieria sulphuraria. The candidate gene is CHC_T00008892001. Interestingly, there is some evidence of catalytic promiscuity for this enzyme, enabling it to also decarboxylate a threonine residue. So far, biochemical data in mammalian cell cultures indicate that phosphatidylthreonine decarboxylation by phosphatidylserine occurs, but with a weak activity (Heikinheimo and Somerharju, 2002) .
The in vivo occurrence and biosynthetic origin of phosphatidylthreonine were only recently demonstrated using HPLC-MS/MS in the apicomplexan parasite Toxoplasma gondii where it is produced by a phosphatidylthreonine synthase coming from an ancient gene duplication of a phosphatidylserine synthase specifically in the lineage encompassing stramenopiles, alveolates and rhizarians (Arroyo-Olarte et al., 2015) . Therefore, we hypothesize that the enzyme may be promiscuous in C. crispus and may also perform serine/threonine decarboxylation on a serine/threonine linked to a mycosporin-glycin instead or in addition to performing this on a phospholipid.
Following the same rationale, we performed a semantic search for a serine/threonine dehydratase, and found the enzyme encoded by CHC_T00009480001. This enzyme was predicted based on Pathway Tools to be involved either in degradation of glycine betaine, purine nucleobases, or L-serine, and is a member of the Pyridoxal-phosphate dependent enzyme family, that contains both the human serine dehydratase (EC:4.3.1.17; P20132) and the E. coli threonine dehydratase (EC:4.3.1.19; P04968) signatures. Common ancestry for serine and threonine dehydratases has been proposed long ago (Parsot, 1986) . However, it should be noted that enzymatic promiscuity is very high among pyridoxal-phosphate dependent enzymes (Percudani and Peracchi, 2003) and that hydrolases represent only a minor fraction of their overall described biochemical activities (Percudani and Peracchi, 2009 ).
Inferring a single pair of enzymes to decarboxylate shinorine and porphyra-334 and further dehydrate their derivatives was also parsimonious in respect to the absence of a peak corresponding to Z-palythenic acid in C. crispus extracts, which does not support dehydration occuring before decarboxylation, as proposed in other species (Figure 4 and Carreto et al., 2011) . The structure of a new intermediate was therefore inferred manually, leading to MAA2 on Figure 8 . Calculating its m/z ratio, we found this was identical to palythinol, a compound previously considered to be present in C. crispus based on UV+LC-MS or LC-MS/MS data (Karsten et al., 1998; Athukorala et al., 2016) . We then verified using Pathmodel that 23/44 constraining the pathway search with a molecule having a m/z ratio of 302,3177 leads to the same actual MAA2 as a proposed unique solution. Because there is no synthesis-based analytical standard available for palythinol, as for all other MAAs, it was useful to make this alternative hypothesis explicit. From a genomic viewpoint, switching palythinol with MAA2
does not necessitate a candidate enzyme to perform hydrogenation and demethylation on a MAA-like substrate (see Fig. 4 ), and thus reduces the number of unassigned enzymatic activities to candidate genes.
Implications of possible sterol and MAA synthesis pathways in C. crispus on evolutionary scenarios regarding metabolic pathway drift
Our study demonstrates that data on metabolite occurrence can be explicitly incorporated into the quality criteria for evaluating a GSM. Putting more emphasis on metabolites, especially the missing ones, creates new methodological challenges regarding ab initio inferences of pathways when enzymes are not yet known, and we have shown that it is now possible to build new tools to specifically address those challenges. The next issue is about the scalability of our approach. The Pathmodel version we present here is a working prototype that can already be applied to other metabolic pathways in C. crispus or in other organisms where genomic and metabolomic data are available. Further improvements should be done in order to minimize the user's burden in manually entering molecular structures. It is not yet possible to fully automate the atom numbering during metabolic reaction. Note that the five main existing solutions have a success rate of 91% compared with manual mapping, which means that errors would remain with such an approach (Preciat-Gonzalez et al., 2017) . We have thus proposed a graphical output in order to facilitate the check of encoded molecule structures (Supp. Figures S5 and S6) .
The Pathmodel tool was developed to support reasoning based on the metabolic pathway drift hypothesis in order to automatically infer new reactions and metabolites. A first key feature of the successful application of this strategy was the precision and the quality of the biochemical and biological knowledge encoded in Pathmodel. Generalizing this approach to any other application will similarly require interactions between chemists, biologists and computer scientists. The second key feature of Pathmodel is to be focused on a selected pathway rather than on a complete genome-scale metabolic network. The selection of the relevant pathway to 24/44 be considered -for instance from preliminary evidences extracted from metabolomics analysis -is therefore a key pre-processing step to combine and filter the predictions of Pathmodel with genomics and metabolomics data.
Whatever the actual topology of the sterol and MAA pathways in C. crispus, each discussed hypotheses have implications regarding metabolic pathway drift. All possible sterol pathways provide further strong candidates case studies for a drift by non-homologous enzyme replacement, and the new pathways inferred by Pathmodel provide candidates case studies for of drift by enzyme inversion. The unresolved point with the sterol pathways is that, among eukaryotes, there is no consensus yet about the ancestral order of enzymatic reactions.
Experimental data are too disparate across the tree of life to enable firm conclusions on this.
In that respect, the MAA pathway is interesting, because if our hypothesis about decarboxylation of porphyra-334 before dehydration is true, this would mean that an enzymatic inversion took place in other lineages where porphyra-334 is first dehydrated to Zpalytenic acid and then decarboxylated to palythene. Here the limit is that, to date, enzymes are unknown for both reactions, so the system is not yet genomically tractable. Identifying close enzymatic inversions is important, because experimental analyses on E. coli have shown that drastic pathway rewiring by enzyme knockout or gene overexpression can led to toxic intermediates (Kim et al., 2010) . Enzyme inversion would provide a milder mechanism for gradual divergence of pathways. But to identify such cases we need genomic and metabolomic data for more closely related model species. Such data will become available in the coming years thanks to ongoing integrative sequencing and metabolomic projects.
Material and Methods
Sampling of algae
For sterol analyses, samples from Chondrus crispus were collected from a population on the shore at Roscoff, France, in front of the Station Biologique (48°43'38'' N ; 3°59'04'' W).
Algal cultures were maintained in 10 L flasks in a culture room at 14°C using filtered seawater and aerated with filtered (0.22 µm) compressed air to avoid CO 2 depletion.
Photosynthetically active radiation (PAR) was provided by Philips daylight fluorescence 25/44 tubes at a photon flux density of 40 µmol.m -2 .s -1 for 10 h.d -1 . The algal samples were freeze dried, ground to powder using a cryogrinder and stored at -80°C.
For MAAs analysis, more than 50 g (wet weight) of Chondrus crispus were collected along the Brittany coasts (France) at Ploemeur (47°42'07'' N; 3°24'31'' W) in July 2013, Roscoff (48°43'38'' N; 3°59'04'' W) in April and August 2013, and Tregunc (47°50'25''N; 3°54'08'' W) in September 2013.
Standards and reagents
Cholesterol , stigmasterol, β-sitosterol, 7-dehydrocholesterol, lathosterol (5α-cholest-7- 
Standard preparation
Stock solutions of cholesterol, stigmasterol, β-sitosterol, 7-dehydrocholesterol, lathosterol (5αcholest-7-en-3β-ol), squalene, campesterol, brassicasterol, desmosterol, lanosterol, fucosterol, cycloartenol and 5α-cholestane were prepared in hexane with a concentration of 5 mg.mL -1 .
Working solutions were made at a concentration of 1 mg.mL -1 , in hexane, by diluting stock solutions. The C7-C40 Saturated Alkanes Standard stock had a concentration of 1 mg.mL -1 and a working solution was made at a concentration of 0.1 mg.mL -1 . All solutions were stored at -20°C.
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Sample preparation
Dried algal samples (60 mg) were extracted with 2mL ethyl acetate by continuous agitation for 1 hour at 4°C. After 10 min of centrifugation at 4 000 rpm, the solvent was removed, the extracts were saponified in 3 mL of methanolic potassium hydroxide solution (1M) by 1 hour incubation at 90°C. The saponification reaction was stopped by plunging samples into an ice bath for 30 min minimum. The unsaponifiable fraction was extracted with 2 mL of hexane and 1.2 mL of water and centrifuged at 2000 rpm for 5 min. The upper phase was collected, dried under N 2 , and resuspended with 120 µL of (trimethylsilyl)diazomethane, 50 µL of methanol:toluene (2:1 (v/v)) and 5 µL of 5α-cholestane (1 mg.mL -1 ) as internal standard. The mixture was vortexed for 30 seconds, and heated at 37°C for 30 min. After a second evaporation under N 2 , 50 µL of acetonitrile and 50 µL of BSTFA:TMCS (99:1) were added to the dry residue, vortexed for 30 seconds and heated at 60°C for 30 min. After final evaporation under N 2 , the extract was resuspended in 100 µL of hexane, transferred into a sample vial and stored at -80°C until the GC-MS analysis.
For MAAs, one gram of dried algae was extracted twice for two hours under continuous shaking with 10 mL of acetone. After 5 min of centrifugation at 3 000 rpm, acetone was discarded and samples were re-extracted twice with 10 mL water/acetone (30/70, v/v) temperature was kept at 60°C for 1 min. The temperature was increased from 60°C to 100°C at a rate of 25°C.min -1 , then to 250°C at a rate of 15°C.min -1 , then to 315°C at a rate of 3°C.min -1 and then held at 315°C for 2 min, resulting in a total run time of 37 min.
Electronic impact mass spectra were measured at 70eV and an ionization temperature of 250°C. The mass spectra scanned from m/z 50 to m/z 500. Peaks were identified based on the comparisons with the retention times and the mass spectra (Supp. Table 1) . 
MAA analysis by liquid chromatography-mass spectrometry
Genome-scale metabolic network reconstruction
Genome-scale metabolic network reconstruction was performed using the AuReMe pipeline (Aite et al., 2018) . A set of 89 targets coming from the literature was used as an input and is provided in Supp Table S3 . Orphan metabolites that are experimentally supported but do not have a MetaCyc ID are listed in Supp Table S4 .
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The process encompassed the following steps:
1) an annotation-based draft network was generated using the PathoLogic program from the Pathway_Tools suite, using the gbk file from the C. crispus genome annotation (Collén et al., 2013) and the metabolic reaction database MetaCyc20.5.
2) an orthology-based network was generated using the protein sequences and metabolic 3) an orthology-based network was generated using the protein sequences from the wellannotated red microalga Galdieria sulphuraria (Schönknecht et al., 2013) and its metabolic network reconstructed using Pathway Tools. This G. sulphuraria annotation-based network was then used as a template to generate a C. crispus network using Pantograph.
4) an orthology-based network was also generated using the protein sequences from the version 2 of the annotated genome of E. siliculosus (Cormier et al., 2017) , as well as version 2 of its metabolic network (Aite et al., 2018) . 5) the four preliminary networks were merged together in the AuReMe environment, and an additional gap-filling step was performed using Meneco (Prigent et al., 2017) , constraining the network to produce the 84 metabolites from the literature that were indexed in the Metacyc database.
Flux-balance analysis
A biomass reaction was established based on the previous E. siliculosus data (Prigent et al., 2014) . One compound, L-alpha-alanine, gave negative fluxes, thus blocking biomass production. This was due to the absence of the alanine dehydrogenase reaction. The corresponding enzyme (CHC_T00008930001) was present in the C. crispus network but annotated as an NAD(P) transhydrogenase. We completed the annotation through the manual curation form to enable it to dehydrogenate alanine and to restore producibility of the biomass (http://gem-aureme.irisa.fr/ccrgem/index.php/Manual-ala_dehy).
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Global metabolic networks comparisons
In order to compare the global features of the GSM from C. crispus with other ones, it is necessary to use the same reference database. This is the case for E. siliculosus and E. subulatus for which the reconstructions are based on MetaCyc (Caspi et al., 2016) while A.
thaliana and C. reinhardtii are respectively from KEGG (Kanehisa et al., 2017) and BiGG (King et al., 2016) . To get access to MetaCyc pathway information for A. thaliana and C.
reinhardtii, their networks were mapped using the sbml_mapping function implemented in the AuReMe workflow (Aite et al., 2018) . This function provides a dictionary of corresponding reactions from a database to an other one using the MetaNetX cross-reference database (Moretti et al., 2016) . This dictionary was then used in AuReMe to create a new genome-scale metabolic network based on the new reference database for A. thaliana and C.
reinhardti. Those new networks, who are comparable in size with the published ones (+/-10 reactions and enzymes in our counts) enabled to estimate the number of pathways as defined in MetaCyc for both species.
Ab-initio inference of new metabolic reactions
To enable the incorporation of the orphan metabolites that were not yet in MetaCyc into the network, we developed a new method called "Pathmodel" that can infer new reactions based on molecular similarity and dissimilarity. This knowledge-based approach is founded on two modes of reasoning (deductive and analogical) and was implemented using a logic programming approach known as Answer Set Programming (ASP) (Lifschitz 2008 , Gebser 2012 . It is a declarative approach oriented toward combinatorial (optimization) problemsolving and knowledge processing. ASP combines both a high-level modeling language with high performance solving engines so that the focus is on the problem specification rather than the algorithmic part. ASP expresses a problem as a set of logical rules (clauses). Problem solutions appear as particular logical models (so-called stable models or answer sets) of this set. An ASP program consists of rules h :-b 1 , … , b m not b m+1 , ... , not b n , where each b i and h are literals and not stands for default negation. In fact, each proposition is a predicate, encoded by a function whose arguments can be constant atoms or variables over a finite domain. The rule states that the head h is proven to be true (h is in an answer set) if the body 30/44 of the rule is satisfied, i.e. b 1 , … , b m are true and it cannot be proved that b m+1 , … , b n are true.
In short, the main predicates used in Pathmodel to represent molecules and reactions forming a knowledge base are bond, atom and reaction on which several logical rules are then applied to all possible reactions and potential reactants. Resulting products that do not belong to the knowledge base but that correspond to an observed m/z ratio are considered as new inferred metabolites and reactions. The finally encoded reactions result from iterative interactions between analogical model construction, automated inference, and manual validation of inferred reactions with respect to experimental results. The principles of the encoded analogical reasoning are explained in the results and discussion part.
The source code is available in the following Gitlab repository:
https://gitlab.inria.fr/DYLISS/PathModel. The added reactions are listed on the following pages: http://gem-aureme.irisa.fr/ccrgem/index.php/Manual-pathmodel_inference http://gem-aureme.irisa.fr/ccrgem/index.php/Manual-pathmodel_inference_new_rxn
De novo gene prediction and manual curation of gene sequence models
Missing genes from the sterol synthesis pathway (squalene monooxygenase and sterol C-4 methyl oxidase) were found by targeted tblastn using orthologs from other organisms as a query. The new gene predictions are provided in supplementary dataset 1 and will be included in the next version of Chondrus crispus genome browser (http://mmo.sb-roscoff.fr/jbrowse/? data=data%2Fpublic%2Fchondrus). The split protein sequence of sterol delta-7 reductase was also restored as a single protein prediction, merging the two adjacent partial predictions.
Phylogenetic analyses
Collected sequences were aligned using Clustal Omega (Sievers and Higgins, 2014) and alignments were checked manually and edited with Seaview (Gouy et al., 2010) . Phylogenetic trees were built using PHYML (Guindon and Gascuel, 2003) using the LG model (Le and 31/44 Gascuel, 2010) with a gamma law. The reliability of nodes was assessed by likelihood-ratio test (Anisimova and Gascuel, 2006) .
